Abstract: The manuscript presents the results from the electrochemical noise (EN) monitoring of Inconel 82 weld overlay on Type 304L stainless steel (SS) weld in 0.01M FeCl 3 . The microstructure of the weld overlay obtained from optical and scanning electron microscopy (SEM) showed an austenite structure, containing equiaxed dendrites and secondary phases at the interdendritic region. Energy dispersive spectroscopy (EDS) attached to SEM revealed the secondary phases to be Nb rich Laves phase. The electrochemical potential noise was monitored using a three identical electrode configuration. The acquired signals were detrended, and wavelet analysis was employed to encode useful information from the noise transients. Visual examination of the potential noise-time record contained distinct high amplitude transients typical of localized corrosion attack. The energy distribution plots (EDP) of the potential noise derived from wavelet analysis depicted maximum relative energy on D6-D8 crystals, which represent large time scale events such as those occurring from localized attacks. Also, repassivation events too could be divulged from the potential EDP. The micrographs of the post electrochemical noise experimented specimens revealed the occurrence of localized attacks along the interdendritic region and none inside the dendritic cores. The presence of secondary phases along the interdendritic regions was found to be detrimental in chloride medium, imparting inferior localized corrosion resistance to the weld overlay.
Introduction
Weld overlaying is a process, wherein, a compatible filler metal is deposited on a material surface by welding to achieve some desired property that is not intrinsic to the underlying material. [1] In the past, weld overlays were used as a band aid type of repair to address corrosion problems, but with the advances in automatic welding systems, weld overlaying of components has become a remedy to combat corrosion issues and to avoid costly and time consuming replacement of critical components. Ni-based superalloys have gained prominence in the recent past for application as weld overlays in petrochemical, oil and nuclear industry, and also in coal-fired boilers and waste to energy boilers to combat chloride and sulphide attack. [2] [3] [4] [5] [6] [7] Weld overlays have been compre-hensively employed over the globe to repair and mitigate stress corrosion cracking (SCC) in nuclear plant piping and nozzle welds. [5, 6] In pressurized water reactors, low alloy steel components are joined to stainlesssteel pipes using Inconel wires as they can accommodate compositional and thermal expansion variations of the dissimilar metals. Inconel 82, a Ni-Cr-Fe alloy, is often used as filler wire to join stainless steels and Nibased superalloys in nuclear and petrochemical industries. [5] [6] [7] [8] [9] This filler wire is commercially employed for gas tungsten arc welding (GTAW), gas metal arc welding (GMAW), and submerged arc welding (SAW) of Inconel alloys 690, 600, and 601. [10] Weld metal that are deposited by Inconel 82 filler wire has high creep rupture strength at elevated temperatures, high tensile strength, good corrosion resistance and oxidation resistance. [10] [11] [12] [13] Mortezaie et al. [12] have reported that Inconel 82 exhibited optimum mechanical properties and corrosion resistance for the dissimilar welding between Inconel 718 and 310 SS. Studies have revealed that Inconel 82 has superior intergranular corrosion resistance in boiling 25% nitric acid [13, 14] and stress corrosion cracking resistance [15] than Inconel 182 and alloy 600. 304L SS is the main construction material in the back- end of the Indian nuclear fuel cycle. [16, 17] However, the weld region by virtue of its heterogenous microstructure, is highly susceptible to localized corrosion in the coastal environment. With Inconel 82 weld overlays gaining prominence worldwide to combat corrosion the cost effective way, it finds suitable application as a candidate material to protect the weld region of 304L SS from localized corrosion. Although the literature is replete in the microstructural characterization, mechanical properties and corrosion aspects of Inconel 82, much less information is reported on the localized corrosion mechanism of this material and their monitoring. Thus in this manuscript, an attempt is made to overlay Inconel 82 weld on 304L SS weld by the conventional and cost effective gas tungsten arc welding (GTAW) and to understand the localized corrosion mechanism of Inconel 82 weld overlay on 304L SS weld by using electrochemical noise (EN), which is an advanced corrosion monitoring technique in limelight for the past few decades, in particularly, to deduce localized corrosion. Electrochemical noise [18] [19] [20] [21] [22] is defined as the spontaneous and low frequency fluctuations of corrosion potential and corrosion current that occurs during a corrosion process and can be measured as potential noise and current noise respectively. EN fluctuations occur because of instantaneous variations in the rates of anodic and cathodic reactions during a corrosion event. The corrosion current noise and potential noise generated from various corrosion processes have distinct features, which can be continuously monitored to indicate the type of corrosion that makes EN an attractive tool for online corrosion monitoring [20] [21] [22] . The most attractive credential of this technique is that it does not require the application of an external potential, unlike other electrochemical techniques, and hence measurements can be made from naturally corroding surfaces [18] to obtain useful information on the type of corrosion and the rates as well. The advantage of EN over other corrosion monitoring techniques is well documented in the literature. [19, 21] Though EN as a corrosion monitoring tool is well established since a few decades, there is no literature on its application for monitoring the corrosion of Inconel 82 weld overlays on 304L SS. In this manuscript, the results from EN monitoring of Inconel 82 weld overlay on 304L SS weld in chloride medium are presented. Wavelet analysis of the EN signal has been employed to decode information about the type of corrosion attack.
Experimental
The chemical composition of 304L SS base material, 308L SS filler wire and Inconel 82 filler wire used for the fabrication of the weld pad is given in Table 1 . For the fabrication of Inconel 82 weld overlay on 304L SS weld metal, two 12 mm thick 304L SS base plates were joined by multipass gas tungsten arc welding (GTAW) process in accordance with ASME section IX of boiler and pressure vessel code. [23] The 8 mm of 308L SS filler wire was initially deposited, above which, 4 mm of Inconel 82 filler wire was deposited, as shown in Figure 1a . The welding parameters for the root pass weld are current = 67 A, arc voltage = 10 V; welding speed = 32 mm/ min and that for the remaining weld passes are current = 95 A, arc voltage = 11 V; welding Speed = 75 mm / min and the inter pass temperature : < 120
• C. The weld pad was qualified by radiography. 1 mm from the top surface and 3 mm from the root side of the weld zone was machined out. Subsequently, 5 mm on either side of the weld central line was marked and sectioned out of the weld pad to obtain 10 mm (wide) x 300 mm (length) x 8 mm (height) of the weld fusion zone (Figure 1b) . From this fusion zone, specimens of dimension 10 mm wide x 8 mm length x 8 mm height ( Figure 1b) were further cut out by electrical discharge machining (EDM) and used for EN investigation in 0.01 M FeCl 3 . For convenience, the Inconel 82 weld overlay on 304L SS weld metal will be referred to as Inconel 82 weld overlay in the forthcoming sections of the manuscript. 
Optical microscopy
Inconel 82 weld overlay specimen was mechanically ground till 1000 grit emery sheet and further polished till diamond finish. Electrolytic etching of the polished surface was carried out in 10% oxalic acid for 5 s at 6 V. The etched surface was observed under an optical microscope.
Electrochemical Noise Measurement
Three nominally identical electrodes made of Inconle 82 weld overlay were mounted in an alardite hardener resin and ground mechanically using silicon carbide emery sheets and polished up to a diamond mirror finish. The mounted specimens were immersed in 0.01 M FeCl 3 , so that an area of 0.8 cm 2 of the top surface of the weld overlay was exposed. Two of such identical electrodes coupled through a zero resistance ammeter served as the working electrodes (1 and 2) and the third identical electrode was made the reference electrode. Since the reference electrode is also identical to the working electrode, it is referred to as the pseudo-reference electrode. [18, 20, 21] The EN cell was placed inside a Faraday cage for minimising external noise. Potential noise measurements were made between the coupled working electrodes and the pseudo-reference electrode, using a multichannel electrochemical noise system, Autolab PG-STAT 30 (Ecochemie make, The Netherlands). Measurements were made under freely corroding conditions at a sampling interval of 0.5 s for 5 h of immersion. The frequency domain corresponding to the sampling conditions was evaluated using f max = 1/2t and f min = 1/Nt, where, t is the sampling interval and N is the total number of data points. For ∆t = 0.5 s and N = 8192, the frequency domain was evaluated to be between 1 Hz (f max ) and 0.2 mHz (f min ). These experimental details have been elaborated in our earlier reports. [24] [25] [26] As the reference electrode used is identical to the coupled working electrodes, and hence called the pseudo-reference electrode, there would be two sources contributing to the potential noise signal. If the potential noise from the coupled working electrodes is designated as E 1 , and that from the pseudo-reference electrode is E 2 , the measured potential noise (E m ) can be represented as
Since the electrodes are identical, it is assumed that the contributions E 1 and E 2 are equivalent and hence, the potential noise for the working electrode can be obtained by a simple mathematic rearrangement of Equation (1) . [27] [28] [29] The potential noise data obtained after correcting the contribution from the pseudo-reference electrode was used for the analysis.
Antialiasing
Aliasing of EN signal occurs when the digital time record contains low frequency components that are absent in the analog signal, due to the presence of high frequency components in the analog signal. An aliased EN signal will appear in the power spectral plots as a flattening of the high frequency end. To avoid aliasing, the analog signal should not contain frequency components greater than the Nyquist frequency and hence these frequencies have to be eliminated before analog to digital (A/D) conversion, which could be achieved by using low pass filters. [20, 30, 31] As these filters are high-priced, filtering based on digital processing has been employed by some manufacturers of EN systems. [30] One method that is reported in literature [30] explains that the data sampling is done at a fixed high frequency (f h ) and a low pass filter is used at a fixed cut off frequency. Subsequently, the average over n points is retained, where, n = (f h /f s ), and f s denotes the desired sampling frequency. For eliminating signal aliasing, Autolab PGSTAT 30 has a low pass filter (with a cut off of 1 KHz) incorporated at the input stage. The ADC module then samples the signals at the highest sampling rate, of the order of 50 kHz, and the A/D values obtained are averaged over the desired sampling interval and provided in the data.
Data Analysis

Data treatment
The acquired EN signal contains noise amplitudes that are superimposed on a direct current (DC) drift or trend, which is not useful to explain the corrosion phenomenon and hence has to be removed. The DC trend refers to the variation of the mean current or potential divided by time. Assuming that the trend varies linearly over a small time interval, a linear fit method [26, [32] [33] [34] was used to remove the trend and obtain the pure noise amplitude, which was used for analysis.
Wavelet Analysis
Statistical and spectral methods that are popularly used to analyze EN signals are formulated for stationary signals (statistical properties do not change with time), as these methods average the information across the entire EN-time record. Wavelet transform has been devised to study stationary and non-stationary signals as well. [35, 36] As EN signals are by and large nonstationary, the wavelet transforms serve as a valuable tool to obtain useful information from corrosion processes generating the EN signals. Wavelet analysis uses transients with a finite duration known as wavelets, and these have an average value of zero. [35] [36] [37] [38] [39] An advantage of wavelet analysis is that the time domain information is preserved and non-stationary time records can be analyzed without detrending and windowing. [40] In the present investigation, the orthogonal wavelet transform, (OWT), was used to analyze the detrended potential noise-time record. [38, 39] In this method, as well reported in literature, [35] [36] [37] [38] [39] [40] an EN time record, x(t) = X n (n = 1. . . .N) is represented as a linear combination of basis functions Φ j,k and ψ j,k
where Z is a set of integers and k = 1,2 . . . N/2, N is the number of data record, j = 1,2,. . . j and j is a small natural number that depends on N, s j,k, d j,k , . . . .d 1,k is referred to as the smooth coefficient and the detailed coefficients respectively.
In wavelet analysis, the EN signal is passed through a series of high and low pass filters to obtain detailed and smoothed coefficients. At the commencement, the low frequencies of the signal pass through a low pass filter, and high frequencies pass through a high pass filter, producing the set of smooth coefficients, S1(s The scale range [41, 42] of each crystal is given by (2 −j t, 2 j−1 t) where t represents the sampling interval. In the present study, an eight level decomposition was used ( j = 8), and hence this process was iterated successively eight times to decompose the signal into D 1 , D 2 . . . .D8 and S8 set of coefficients. The crystals, D1. . . D8, resemble the fluctuations of the acquired EN signal at a particular interval of frequency. The property of the OWT is that the sum of the relative energies of these crystals will give the energy of the EN signal. E D1 , E D2 , E D3 , E D4 , E D5 , E D6 , E D7 , E D8 and E S8 are the relative energies given by
Where E d j and E s j are the relative energies of the detailed coefficients and smoothed coefficients respectively. As S 8 represents the trend of the signal, it is not used for analysis. The relative energies of the crystals can be plotted against the name of the crystals (D1. . . D8) to give energy distribution plots (EDP), which represents the relative contribution of every crystal to the EN signal and are useful to derive mechanistic information about the type of processes occurring on the material surface. In the present investigation, the decomposition of the signal was carried out using orthogonal Daubechies wavelet of the fourth order (db4). It is reported [42] that among the various families of wavelets, the Daubechies 4 or "db4" 49 is highly localized in time and is useful for EN studies. Figure 3 shows the optical micrograph of Inconel 82 weld overlay that depicts a fully austenitic microstructure containing equiaxed dendrites or subgrains. The boundary separating the subgrains called the solidification sub grain boundaries (SSGB) is indicated by arrows in the micrograph. The SSGB are low angle boundaries that result from the growth of sub grains along preferred crystallographic direction. [43] The microstructure shows secondary precipitates at the interdendritic regions along the SSGB. Similar observations have been reported by Lee et al. [44] These secondary phases have been reported to be Nb-rich carbides (NbC), and intermetallic Laves phase. [43, [45] [46] [47] The Laves phases are brittle intermetallic compounds that have an AB 2 stoichiometry. In general, the composition of Laves phase in Nb bearing Ni-based superalloys has been reported to be (Ni, Fe, Cr) 2 Nb, which are rich in Nb, and lean in Ni, Fe and Cr [43, 47] . In Nb bearing Ni base superalloys, the solidification terminates by a eutectic reaction between the γ phase and Nb-rich phases, such as NbC and the Laves phase. The literature reports that the solidification proceeds through the primary crystallization of austenite phase (γ) with the dendritic cores getting more enriched in the alloying elements, Fe, Cr, Ni, as the solidification proceeds, and minor elements such as Nb getting segregated at the interdendritic region, where they precipitate as Nb -rich phases towards the terminal stage of solidification. [45, 46] Microsegregation of Nb to the liquid phase in the interdendritic region and subsequent formation of Nb-rich phases during solidification of Ni-based superalloys is well documented in the literature [43, 47] . Figure  4a depicts the SEM image of Inconel 82 weld overlay and Figure 4b is the magnified SEM image showing the precipitates in the interdendritic region along the SSGB. The white precipitates in the SEM image are the secondary phases. The energy dispersive x-ray spectra of the matrix and the precipitates taken in the SEM-EDS mode are shown in Figure 5a & 5b, and the elemental analysis of the same is given alongside. The matrix is enriched in Fe, Cr, and Ni, and is lean in Nb, while the precipitate is enriched in Nb, and slightly depleted of Fe, Cr and Ni. Hence, these white precipitates are the Laves phases of type (Ni, Fe, Cr) 2 Nb.
Results and Discussion
Microstructural investigation
EN-time record and energy distribution plots from wavelet analysis
The EN-time records present the spontaneous random potential or current fluctuations acquired with respect to time and it is an accepted method to visually examine the fluctuations as the first step of the data analysis. [20, 21] EN-time record can be interpreted by analyzing the shape, size and distributions of potential or current transients measured during the corrosion processes. It is a well recognized fact that the potential noise-time record or current noise-time record depicts discrete features for various types of corrosion, be it uniform or localized (pitting, crevice, intergranular corrosion, and stress corrosion cracking (SCC)). [21, 24-26, 31, 48-53] Nevertheless, the EN-time records cannot be considered as conclusive evidence of the processes, and hence the acquired EN-time records should be further analyzed in the time domain by employing statistical methods or in the frequency domain. Alternatively, other analysis methods like shot noise, wavelet transforms, etc. [20, 21] can be used. It is essential to remove the trend in the EN -signals and present the noise data in simple noise amplitudes. The trend removed electrochemical potential noise-time record during immersion of Inconel 82 in 0.01 M FeCl 3 is represented in Figure 6 . The time record after 1 h of immersion showed random fluctuations, and after 2 h of immersion, high amplitude potential transients in the range of 20-80 mV appeared in the time record. After 3 h and 4 h of immersion, the potential transients became more distinct, with the amplitude increasing to 80-120 mV range. These distinct high amplitude noise transients are typical during the localized attack. [20, 21, 29] The EDP from wavelet analysis has been widely used in corrosion research to monitor the processes occur- ring on a material surface and distinguish various types of corrosion. [35] [36] [37] [38] [39] [54] [55] [56] [57] For instance, Wang et al. [54] have reported that the EDP from potential noise measurements for general and passivation process have the maximum relative energy concentrated on D1 crystals, while that for pitting and crack propagation show maximum energy on the D7 crystal. Also, the potential noise EDP for intergranular corrosion showed maximum energy on D7 and D1 as well. In a study made earlier on pitting of 304L SS in ferric chloride medium, the EDP indicated maximum energy distribution on D6-D8 crystals. [55] Smith et al. [56] have used wavelet analysis to distinguish between general and pitting corrosion of ASTM A516 steel in sodium hydroxide medium with and without chloride additions. The authors reported that the maximum relative energy was defined on the large time scale crystals during pitting attack. According to literature reports, [38, 39, 57] the position of the maximum relative energy of a crystal determines the predominant process that is contributing to the EN signal and relates to the process occurring on the material surface. For an eight level decomposition or for j = 8, the time scale of the crystals increases in the order D1 < D2 < D3 < D4 < D5 < D6 < D7 < D8 (as shown in Table 2 ). The EDP for an eight level decomposition can be classified into three regions. If the maximum relative energy is defined on smaller time scale crystals, D1-D3, it implies that rapid events such as metastable pitting are occurring on the material surface. Maximum relative energy on medium time scale crystals, D3-D6, indicates processes such as repassivation / propagation of pits. The third region comprises large time scale D6-D8 crystal and the energy defined on these crystals implies that slow pro-cesses such as diffusion or growth of pits are predominant. [58] [59] [60] [61] Also, the values of the energies of the crystals or partial signal in the EDP plot indicate the domination of that particular crystal or partial signal in the original acquired EN-time record. Higher the value of the energy of the crystal, greater is the contribution of the partial signal to the acquired EN-time record. The EDP plots for Inconel 82 in 0.01 M FeCl 3 after 1 h, 2 h, 3 h, and 4 h are presented in Figure 7 . The EDP after 1 h of immersion indicates maximum relative energy on crystals D6-D8, which implies that crystals, D6-D8, dominate the originally acquired noise -time record. These are large time scale crystals corresponding to localized events. Some relative energy is also defined on D4 and D5 crystals, which are medium time scale crystals depicting processes like repassivation events. The observation indicates that the predominant process occurring on the material surface is a localized attack and that apart, some repassivation events pertaining to film breakdown and repair are also prevailing. The lower values of the relative energy indicate that frequency of occurrence of the localized events is low. This is in agreement with the potential noise time record taken after 1 h of immersion that shows few distinct potential transients combined with random signals. Similarly, the EDP plots after 2 h, 3 h, and 4 h of immersion also depict maximum relative energy on D6-D8, with the maximum on D7 and D8 and some energy defined on D4 and D5. The position of the relative energy in the EDP after 2 h, 3 h, and 4 h specify that the prevailing corrosion mechanism is a localized dissolution. It is further observed that there is a progressive increase in relative energy values after 2 h and 3 h of immersion, which is an implication of an increase in the occurrence of the localized attacks. The potential noise time record too shows an increase in the distinct potential transients after 2 h and 3 h of immersion. The relative energy after 4 h of immersion has again decreased indicating that the frequency of occurrence of the attacks has decreased at that instant, which is in agreement with the time record that also shows a decrease in the number of distinct transients after 4 h of immersion when compared with that after 3 h of immersion. Thus, it could be concluded that the predominant process occurring on the material surface is related to the localized attack, with some repassivation processes also occurring in tandem, but to a lower extent and the frequency of occurrence of the localized attack is variable at different times. A good correlation is obtained between the results from the EDP and the potential noise time record. The optical micrograph after the EN experiment (at two different locations of the specimen) that was carried out for 5h of immersion in 0.01 M FeCl 3 is shown in Figure 8a & 8b. The micrograph reveals localized attacks at the interdendritic region along the SSGB and no attack within the dendrites. The appearance of SSGB indicates that the specimen has undergone mild etching. Nevertheless, the extent is much less as a result of which the appearance is very feeble. The localized attacks could be attributed to the presence of a continuous network of Nb-rich secondary phases at the interdendritic region, where, the passive film formed would be weak, and chloride ions can easily adhere, penetrate and cause localized break down of the film, leading to localized dissolution in the vicinity of the secondary phases. The micrographs show attacks only in the interdendritic region along the SSGB. To confirm the same, the experimented specimen was etched mildly with oxalic acid, and the optical micrograph was taken ( Figure  8c ). It is evident that the dendrites are free of any attack and the attacks are confined to localized areas along the interdendritic region. The high resistance of the matrix to localized attack could be attributed to the passive film stability rendered by high chromium content of the alloy as well as to the presence of Nb. It is reported that Nb as a minor alloying element present in the austenite matrix of Ni-based superalloys enhances the passive film stability and thus resist corrosion attack. A good correlation exists between the post-experimental micrographs and the results from the potential noise time record that indicates the mode of attack to be localized.
The potential transients observed in the EN-time records are thus pertaining to the localized dissolution at the interdendritic region, and hence it could be inferred that the presence of Nb-rich secondary phases in Inconel 82 weld overlay has been detrimental to the localized corrosion resistance. This result is also in good agreement with the results from EDP plots that depict localized events as the predominant process. EDP has been found to be useful in deducing the corrosion mechanism.
Conclusion
Inconel 82 weld overlay on 304L SS weld metal fabricated by multipass GTAW process revealed a full austenite microstructure, containing equiaxed dendrites and Nb-rich secondary phases along the interdendritic region. The secondary phases were identified to be the Laves phase, [(Ni, Cr, Fe) 2 Nb] from SEM-EDS analysis. Electrochemical potential noise monitoring of Inconel 82 weld overlay on 304L SS weld in 0.01 M FeCl 3 medium revealed distinct high amplitude potential transients, typical of localized attack. The EDP derived from wavelet analysis of the potential noise time records indicated localized attack to be the predominant process throughout monitoring, with variable frequency of occurrence. Also, repassivation events could be demarcated from the EDP. A variation in the relative energy value indicated that the frequency of occurrence of localized attack varied at different times of immersion. The localized attack was confirmed to be along the interdendritic region as a consequence of the presence of Nb-rich secondary phases. The equiaxed dendrites were found to be free of localized attack, which could be attributed to the high chromium content of the alloy and the presence of minor alloying element Nb, which is known to enhance the passive film stability. A good correlation was obtained between the results of the EDP and the potential noise time record, both of which depicted the progress of corrosion. The EDP from EN analysis has been found to be a useful tool to monitor the progress on localized corrosion of Inconel 82 weld overlay in 0.01M FeCl 3 . The study indicated that the presence of Laves phase along the SSGB decreased the localized corrosion resistance of the weld overlay. Thus, optimizing the welding parameters or adopting advanced welding methods to reduce the formation of the secondary phases is beneficial to enhance the localized corrosion resistance of the weld overlay.
